During metaphase, chromosome position at the spindle equator is mainly regulated by the forces exerted by kinetochore microtubules. However, the role of forces arising from mechanical coupling between sister kinetochore fibers and bridging fibers, whose antiparallel microtubules are crosslinked by protein regulator of cytokinesis 1 (PRC1), in chromosome alignment is unknown. Here we develop an optogenetic approach for acute removal of PRC1 and show that PRC1 promotes kinetochore alignment. PRC1 removal resulted in reduction of bridging fibers and straightening of outermost kinetochore fibers. The inter-kinetochore distance decreased, the metaphase plate widened, and lagging kinetochores appeared, suggesting a role of PRC1 in regulating forces on kinetochores. MKLP1/kinesin-6 was lost from the spindle together with PRC1, whereas Kif4A/kinesin-4 remained on chromosomes and CLASP1, Kif18A/kinesin-8, and CENP-E/kinesin-7 on kinetochore fiber tips. We conclude that in metaphase PRC1, by mechanically coupling bridging and kinetochore fibers, regulates spindle mechanics and buffers kinetochore movements, promoting chromosome alignment.
Chromosome alignment at the spindle equator in metaphase is a distinctive feature of mitosis.
Chromosome congression to the metaphase plate has been explored extensively (Barisic et al., 2014; Cai et al., 2009; Kapoor et al., 2006; Maiato et al., 2017) , but less understood is the maintenance of chromosome alignment, which depends on forces exerted by kinetochore fibers (k-fibers) and polar ejection forces (Armond et al., 2015; Stumpff et al., 2008; Stumpff et al., 2012; Wandke et al., 2012) . However, sister k-fibers are connected by a bridging fiber, which consists of antiparallel microtubules crosslinked by protein regulator of cytokinesis 1 (PRC1) (Kajtez et al., 2016; Polak et al., 2017; Vukusic et al., 2017) , and the role of forces arising from mechanical coupling between k-fibers and bridging fibers in chromosome alignment at the metaphase plate is unknown.
PRC1, like other non-motor microtubule-associated proteins from Ase1/PRC1/MAP65 family, selectively bundles antiparallel microtubules and provides stable overlaps in vitro (Bieling et al., 2010; Janson et al., 2007; Mollinari et al., 2002; Subramanian et al., 2010) .
Cellular studies of its function show that PRC1 is associated with the spindle midzone in anaphase, where its activity is essential for stable microtubule organization, localization of numerous microtubule-associated proteins within this structure, and successful completion of cytokinesis , while its microtubule-binding and -bundling affinities are regulated by phosphorylation and dephosphorylation events (Gruneberg et al., 2006; Jiang et al., 1998; Kurasawa et al., 2004; Liu et al., 2009; Mollinari et al., 2002; Mollinari et al., 2005; Neef et al., 2007; Subramanian et al., 2013; Subramanian et al., 2010; Zhu and Jiang, 2005; Zhu et al., 2006) . In metaphase PRC1 crosslinks microtubules within bridging fibers, which laterally link sister k-fibers (Kajtez et al., 2016; Polak et al., 2017; Tolic, 2018) .
In this work, we developed an optogenetic approach for acute and reversible removal of PRC1 from the spindle to the cell membrane, building upon ideas of dimerization or dissociation induced chemically (Cheeseman et al., 2013; Haruki et al., 2008; Robinson et al., 2010; Wordeman et al., 2016) or by light (Fielmich et al., 2018; Guntas et al., 2015; Okumura et al., 2018; van Haren et al., 2018; Yang et al., 2013; Zhang et al., 2017) to rapidly redistribute proteins. By using our assay on metaphase spindles, we found that PRC1 promotes kinetochore alignment. PRC1 removal resulted in partial disassembly of bridging fibers and change of spindle shape, demonstrating a role of bridging fibers in the spindle force balance. Moreover, the metaphase plate widened, inter-kinetochore distance decreased, and lagging chromosomes appeared more frequently, showing that PRC1 regulates forces acting on kinetochores. PRC1 removal during metaphase resulted in loss of MKLP1/kinesin-6 from the spindle, but it did not affect the localization of Kif4A/kinesin-4 on the chromosomes and CLASP1, Kif18A/kinesin-8, and CENP-E/kinesin-7 on the plus ends of k-fibers. In conclusion, our optogenetic experiments show that in metaphase PRC1 crosslinks k-fibers with bridging microtubules, thereby regulating spindle mechanics and limiting the extent of kinetochore movements, which promotes chromosome alignment.
RESULTS

Optogenetic system for fast and reversible removal of PRC1 from the metaphase spindle
To study the role of PRC1 and the forces arising from coupling of bridging and k-fibers in chromosome alignment, we developed an optogenetic tool for fast and reversible removal of PRC1 from the spindle to the cell membrane, based on the previously designed improved light inducible dimer (iLID) system (Guntas et al., 2015) . We attached PRC1 to the red fluorescent protein tgRFPt and the bacterial protein SspB, while the iLID , which contains the bacterial peptide SsrA and the light-oxygen-voltage (LOV2) domain, is bound to the cell membrane by a short peptide, CAAX. In this system, LOV2 adopts a conformation that allows dimerization of SsrA and SspB upon exposure to the blue light ( Fig. 1 A) . After cessation of exposure to the blue light, LOV2 adopts its initial conformation leading to decreased affinity of SsrA to SspB. Therefore, exposure to the blue light should induce translocation of PRC1 from the central region of the metaphase spindle, which we will refer to as the spindle midzone, to the cell membrane, whereas cessation of exposure to blue light should restore PRC1 localization on the spindle (Fig. 1 A) .
To test our optogenetic approach, we used U2OS cells with stable expression of CENP-A-GFP, transient expression of PRC1-tgRFPt-SspB (henceforth opto-PRC1) and iLID-CAAX (henceforth opto cells; Fig. 1 B; Video 1). Endogenous PRC1 was depleted 90 ± 2% (all results are mean ± s.e.m.) by siRNA before addition of opto-PRC1 (Fig. S1 A) . Before exposure to the blue light, opto-PRC1 had normal localization on the microtubule bundles in the spindle midzone (Fig. 1 B; 0:00 min), with the length of PRC1 streaks of 3.77 ± 0.08 µm (n=193 bundles, N=30 cells), consistent with that of endogenous and fluorescently labeled PRC1 in metaphase (Kajtez et al., 2016; Polak et al., 2017) , though the total signal intensity of opto-PRC1 on the spindle was higher compared to endogenous PRC1 (Fig. S1 B) . Addition of opto-PRC1 did not change the duration of metaphase, as inferred from the fraction of cells that entered anaphase during image acquisition, which was similar in cells with endogenous PRC1 and cells treated with PRC1 siRNA and opto-PRC1 (79 ± 6 % N=37, and 71 ± 5 % N=72, respectively; p=0.4, Pearson's Chi-squared test; Fig. S1 C) . Taken together, these data suggest that opto-PRC1 replaces the depleted endogenous PRC1.
Upon exposure to the blue light, opto-PRC1 signal on the spindle decreased and its signal on the membrane increased (Fig. 1 B; 0:20-20:00 min). After the blue light was switched off, opto-PRC1 returned to the spindle midzone (Fig. 1 B; 20:40-30:10 min). In control experiments without the blue light or without iLID (henceforth control), opto-PRC1 was not removed (Fig. S1 D) . Thus, our optogenetic approach allows for acute and reversible control of PRC1 localization in metaphase. Scheme depicts the areas where opto-PRC1 intensity was measured: spindle (large polygon) and cytoplasm (small square). Exponential fit (gray lines in the right panel) on mean normalized opto-PRC1 spindle intensity (black points) during 20 min of removal (left) and 10 min of return (right).
Formulas y=A*e τ*x and y=A*e τ*x +c were used for opto-PRC1 removal and return, respectively. To quantify the dynamics and spatial pattern of opto-PRC1 removal and return, we measured the intensity of opto-PRC1 on the metaphase spindle ( Fig. S1 E,F) . We found that 88 ± 3% of opto-PRC1 was removed after 20 min of exposure to the blue light with a halftime of 4.2 ± 0.1 min (Fig. 1 C) . During the opto-PRC1 removal, there was simultaneous decrease in both signal intensity and length of the overlap region ( Fig. 1 D, left; Fig. S1 F, top). The signal of the outermost midzone bundles typically lasted longer than of the inner ones (Fig. 1 B; 3:40-6:30). After the blue light was switched off, opto-PRC1 signal restored to 65 ± 1% of the initial intensity within 10 minutes, with return half-time being 0.71 ± 0.04 min (Fig. 1 C) . During the opto-PRC1 return, it initially localized throughout the spindle, with gradual increase in intensity in the spindle midzone ( Fig. 1 D, right; Fig. S1 F, bottom). Thus, PRC1 exhibits faster return to the spindle than removal from the overlap bundles, and shows preference towards overlap regions, which is evident within minutes.
PRC1 removal during metaphase affects kinetochore positioning at the spindle equator and chromosome segregation fidelity in early anaphase
To explore the effect of acute PRC1 removal on the forces acting on chromosomes in the metaphase spindle, we visualized chromosomes by using SiR-DNA (Lukinavicius et al., 2015) . Surprisingly, we observed some chromosome extrusions outside the metaphase plate upon PRC1 removal. We quantified chromosome alignment by measuring the total chromosome area and found an increase of 10% upon PRC1 removal ( Fig. 2 A,B ; Video 2).
The increase of chromosome area suggests that chromosome alignment on the metaphase plate was disturbed.
To study the origin of the altered chromosome alignment, we focused on the forces acting on kinetochores by using cells expressing CENP-A-GFP (Fig. 2 C) . We first tested to what extent PRC1 removal affects inter-kinetochore tension. Inter-kinetochore distance (d KC , Fig. 2 D) , a readout of inter-kinetochore tension (Waters et al., 1996) , was reduced when opto-PRC1 was removed (Fig. 2 E; Fig. S2 A) , whereas it did not change in control cells (Fig.   2 E) . The inter-kinetochore distance of peripheral was similar to central kinetochores, both before and after PRC1 removal (Fig. S2 A) . The mean inter-kinetochore distance after 20 min of exposure to the blue light (0.79 ± 0.01 µm) was closer to metaphase (0.87 ± 0.01 µm)
than prometaphase (0.66 ± 0.01 µm) values (see Methods), suggesting that tension was not completely lost and that these changes were not due to kinetochore detachment from k-fibers ( Fig. S2 A) . In agreement with this, the fraction of cells that entered anaphase during image acquisition was similar in control and opto cells (71 ± 5 % N=72, and 60 ± 5 % N=93, respectively; p=0.1, Pearson's Chi-squared test; Fig. S1 C) , indicating that PRC1 removal did not activate the spindle assembly checkpoint. After opto-PRC1 return to the spindle, interkinetochore distance increased, suggesting restoration of tension, though not to the original value ( Fig. 2 E) . These results suggest that PRC1 has a role in maintaining tension on sister kinetochores.
To quantify kinetochore alignment on the equatorial plane, we measured the distances of sister kinetochore midpoints from the equatorial plane (dEQ, Fig. 2 D) . Surprisingly, we observed that removal of opto-PRC1 increased the displacement of sister kinetochore pairs from the equatorial plane ( Fig. 2 C,F; Fig. S2 B,C; Video 3). Interestingly, before opto-PRC1 removal >95% of kinetochore pairs were found within the region of PRC1 streaks, i.e., less than 2 µm away from the equatorial plane, whereas opto-PRC1 removal resulted in excursions of some kinetochore pairs far outside this region (Fig. S2 B) . These displaced kinetochores upon opto-PRC1 removal had lower inter-kinetochore distance in comparison to nondisplaced ones, suggesting that kinetochore displacement was related to a more severe reduction of tension (Fig. 2 G) . On average, kinetochores remained displaced even after opto-PRC1 return (Fig. 2 F) . We conclude that PRC1 has a role in keeping kinetochores in tight alignment on the metaphase plate. To investigate the influence of acute PRC1 removal on the orientation of sister kinetochores, we measured the angle between sister kinetochore axis and long spindle axis (αKC, Fig. 2 D) . We observed that removal of opto-PRC1 increased the angle of sister kinetochore pairs ( Fig. 2 C,H; Fig. S2 C,D) . Interestingly, sister kinetochore pairs remained misoriented even after opto-PRC1 return (Fig. 2 H) . The observed effects of PRC1 removal on inter-kinetochore distance, kinetochore alignment and orientation did not change when (Fig. S2 F) . None of the effects were observed in control experiments ( Fig. 2 B To test to what extent the acute removal of PRC1 during metaphase affects chromosome segregation, we measured the frequency of lagging kinetochores. We found that lagging kinetochores occurred more frequently when opto-PRC1 was being removed than in control cells ( Fig. 2 I,J ; Video 4). Opto cells with lagging kinetochores did not show a wider metaphase plate but had a slightly decreased inter-kinetochore distance before anaphase in comparison with opto cells without lagging kinetochores (Fig. S2 G) . Moreover, as perturbation of the PRC1-CLASP1 interaction and the consequent absence of CLASP1 from the spindle midzone results in lagging chromosomes (Liu et al., 2009) , we tested CLASP1 and found that it did not accumulate between segregating chromosomes in opto HeLa cells stably expressing EGFP-CLASP1 (Fig. S2 H) . Thus, the observed higher occurrence of lagging kinetochores could be attributed to changes in tension during metaphase, perturbed recruitment of CLASP1 to the spindle midzone by PRC1 during early anaphase, or a combination of both effects.
Removal of PRC1 partially disassembles bridging fibers and affects spindle shape
The observed effects of opto-PRC1 removal on kinetochore alignment and occurrence of lagging kinetochores could be attributed to 1) loss of microtubules in the bridging fibers, 2) disruption of polar ejection forces, and/or 3) disruption of localization of proteins that modulate the dynamics of k-fiber plus-ends ( Fig. 2 K) . Because PRC1 crosslinks microtubules within bridging fibers (Kajtez et al., 2016; Polak et al., 2017) , we first tested to what extent PRC1 removal in metaphase affects the number of microtubules in the bridging fibers. We expect that removal of opto-PRC1 would result in reduction of bridging fibers ( Fig. 3 A) . In order to visualize microtubules both during PRC1 removal, when the blue light is turned on to activate the optogenetic system, and during return, when the blue light must be switched off, we used SiR-tubulin, a far-red tubulin dye excited by red light (Lukinavicius et al., 2014) . Intensity profiles across the spindle midzone revealed that SiR-tubulin intensity maxima were lower upon PRC1 removal and increased after its return (Fig. S3 A; Video 5).
Measurements of SiR-tubulin intensity between and lateral from sister kinetochores, following the approach from our previous study (Kajtez et al., 2016) , showed impact of PRC1 removal specifically on bridging fibers (Fig. 3 , A-C; Video 5). As an alternative to SiRtubulin, which is a taxol-based dye that may affect microtubule dynamics (Lukinavicius et al., 2014 ) and marks only long-lived microtubules (David et al., 2019) , we tested YFP-tubulin, but the excitation laser for YFP also activated the optogenetic system (Wang and Hahn, 2016) ( Fig. S1 G) .
Finally, we used tubulin-GFP to determine tubulin signal intensities of the bridging fibers and k-fiber tips upon acute removal of PRC1 ( McEwen et al., 2001; Wendell et al., 1993) , we have previously estimated the average number of microtubules in the bridging fiber to be 14, by calculating the ratio of bridging fiber intensity and sum of bridging fiber and k-fiber intensity (Kajtez et al., 2016) . We used this as the initial number of microtubules in the bridging fiber. Upon exposure to the blue light, tubulin signal intensity in the bridging fibers decreased ~2.5 fold, which corresponds to 5.6 ± 0.9 microtubules. Upon PRC1 return the intensity and thus number of microtubules remained low ( Fig Eg5/kinesin-5, which localizes in the bridging fibers (Kajtez et al., 2016; Mann and Wadsworth, 2018) , was still detectable in these fibers after PRC1 siRNA ( Fig. S3 F) , we speculate that microtubule crosslinkers such as Eg5 crosslink the remaining microtubules in the bridge after acute PRC1 removal. We next asked how the loss of microtubules in the bridging fiber affects the force balance in the spindle. According to our previously proposed theoretical model (Kajtez et al., 2016; Tolic and Pavin, 2016) , spindles with thicker bridging fibers are expected to have a curved shape, whilst spindles with thinner bridging fibers are expected to have a more diamond-like shape (Kajtez et al., 2016) (Fig. 3 H) . To test this prediction, we tracked the pole-to-pole contour of the outermost k-fibers, and found that removal of PRC1 caused a decrease in the curvature of the spindle and the angle between outermost sister k-fibers ( Fig. 3   I,J; Fig. S3 G) , while spindle length and width remained constant (Fig. S3 H) . Therefore, the acute removal of PRC1 reduces the number of microtubules in the bridging fibers and makes the spindle diamond-shaped, corroborating a role of the bridging fiber in the force balance of the metaphase spindle.
Removal of PRC1 affects the localization of proteins in the bridging fiber, but not on chromosomes and k-fibers
Our results suggest that the kinetochore misalignment and increased occurrence of lagging kinetochores upon PRC1 removal are due to loss of microtubules in the bridging fibers. Alternatively, these effects may be caused by disruption of polar ejection forces ( Fig. 2 K), which are modulated by Kif4A/kinesin-4 (Stumpff et al., 2012) , a binding partner of PRC1 . To test this possibility, we used U2OS cells silenced for endogenous PRC1 with transient expression of GFP-Kif4A, opto-PRC1 and iLID-CAAX (Fig. 4 A) . In metaphase,
Kif4A localized on chromosomes, while in anaphase on chromosomes and spindle midzone, as previously shown (Gruneberg et al., 2006; Kurasawa et al., 2004; Zhu and Jiang, 2005) ( Fig. 4 A; Fig. S4 A,B) . Removal of opto-PRC1 from the spindle had no effect on Kif4A signal on the chromosomes in metaphase (Fig. 4 A; Fig. S4 C) . This result is consistent with previous reports that Kif4A does not directly interact with PRC1 before late mitosis (Gruneberg et al., 2006; Kurasawa et al., 2004; Zhu and Jiang, 2005) . Similarly, Kif4A remained on the chromosomes, and was removed from bridging fibers after long-term removal of PRC1 by siRNA (Fig. 4 B, Table 1 ). Thus, metaphase localization of Kif4A on chromosomes does not depend on PRC1, suggesting that the observed changes in kinetochore alignment are not caused by disruption of polar ejection forces. In early anaphase, the amount of Kif4A on segregated chromosomes was similar in opto and control cells (Fig. S4 D) ,
indicating that increased occurrence of lagging kinetochores was not due to perturbed polar ejection forces or defects in chromosome architecture/condensation. Thus, we favor the interpretation that kinetochore misalignment and increase in lagging kinetochores upon PRC1 removal are caused by disruption of bridging fibers.
Another potential origin of kinetochore misalignment and increased occurrence of lagging kinetochores could be disrupted localization of plus-end proteins upon optogenetic PRC1 removal (Fig. 2 K) . To investigate this possibility, we analyzed the localization of CLASP1, Kif18A, and CENP-E, previously shown to regulate microtubule dynamics (AlBassam et al., 2010; Barisic et al., 2014; Gudimchuk et al., 2013; Maiato et al., 2003; Mayr et al., 2007; Schaar et al., 1997; Stumpff et al., 2008; Stumpff et al., 2012; Yu et al., 2016) , on the plus-ends of k-fibers before and after PRC1 removal in metaphase. CLASP1, Kif18A, and
CENP-E were visible on plus-ends of k-fibers before and after acute removal of PRC1 (Fig. 4 A; Table 1 ), as well as after long-term removal of PRC1 by siRNA (Fig. 4 B ; Table 1 ). In contrast to the localization on the k-fiber, the localization of Kif18A in the bridge was perturbed by both acute and long-term PRC1 removal (Fig. 4 A,B; see Table 1 for all proteins). Therefore, we propose that kinetochore misalignment and increase in lagging kinetochores upon PRC1 removal are not caused by removal of proteins that regulate microtubule dynamics from the k-fiber plus ends.
Finally, we set out to examine how the optogenetic removal of PRC1 affects localization of its binding partner specifically localized in the spindle midzone, MKLP1/kinesin-6 (Gruneberg et al., 2006; Kurasawa et al., 2004) , ( Fig. 4A; Fig. S4 E) . In metaphase, MKLP1-GFP co-localized with opto-PRC1 in the spindle midzone, which was also the case for endogenous MKLP1 and PRC1 in unlabeled cells (Fig. S4 F,G) . Removal of opto-PRC1 from the spindle caused MKLP1-GFP signal disappearance from the spindle (Fig.   4 A; Fig. S4 G) . However, MKLP1 signal was undetectable on the membrane, consistent with MKLP1 and PRC1 not interacting before late mitosis (Gruneberg et al., 2006; Kurasawa et al., 2004) (Fig. S4 G) . Similarly, MKLP1 was removed from the spindle after long-term removal of PRC1 by siRNA (Fig. 4 B; Table 1 ). Upon opto-PRC1 return to the spindle, we observed MKLP1-GFP signal reappearance in the overlap bundles (Fig. 4 A; Fig. S4 G) .
These results suggest that PRC1 is required to localize MKLP1 to overlap bundles in metaphase. 
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Acute and long-term removal of PRC1 result in partially different effect on spindle microtubules and kinetochores
Previous reports have shown that acute rapamycin-dependent protein translocation and long-term depletion by siRNA can yield different and even opposite phenotypes (Cheeseman et al., 2013; Wordeman et al., 2016) . To explore to what extent acute optogenetic removal of PRC1 affects the spindle differently than long-term depletion by siRNA, we compared the phenotypes obtained by these two approaches ( Table 2) . Similarly as acute removal, longterm depletion of PRC1 decreased the number of microtubules in the bridging fiber and caused straightening of outermost k-fibers, whereas spindle length and width was unchanged (Fig. S5, A-D) . However, the effects of acute removal of PRC1 were more severe than those of siRNA ( Table 2 ). The two methods decreased the inter-kinetochore distance to a similar extent ( Table 2 ; Fig. S5 E) , even though unlike acute removal, long-term removal reduced the fraction of cells that entered anaphase (35 ± 8 % N=37, and 79 ± 6 % N=37, for PRC1 siRNA treated and untreated, respectively; p=0.046, Pearson's Chi-squared test; Fig. S1 C) .
Strikingly, in contrast to acute removal, the long-term depletion did not cause kinetochore misalignment or misorientation (Fig. S5 F,G) . Finally, both long-term and acute PRC1
reduction increased the frequency of lagging kinetochores during early anaphase (Fig. S5 H) . *calculated from our previous study # consistent with our previous studies (Kajtez et al., 2016; Polak et al., 2017) Acute 
DISCUSSION
We developed an optogenetic approach that offers acute light-controlled removal of proteins from a normally formed spindle at a precise phase of mitosis. The main advantages of this approach over chemically-induced protein translocation (Cheeseman et al., 2013; Haruki et al., 2008; Robinson et al., 2010; Wordeman et al., 2016) are its reversibility, allowing the protein to return to its initial location within about a minute, and applicability to individual cells.
Unlike previous optogenetic approaches (Fielmich et al., 2018; Okumura et al., 2018; van Haren et al., 2018; Yang et al., 2013; Zhang et al., 2017) , this method allows for global lossof-function of full-length spindle proteins, relying on simple protein tagging rather than domain splitting, with no need of chromophore addition. Moreover, this method may be implemented with other optical perturbations (Milas et al., 2018) and used as "in vivo pulldown" for probing protein-protein interactions in different phases of the cell cycle. However, this approach depends on high turnover of the protein in comparison with the time scale of interest.
Electron microscopy studies have shown that minus ends of microtubules that form overlap bundles are embedded in k-fibers and that the majority of their antiparallel regions is positioned in the central part of the bundle (Mastronarde et al., 1993; O'Toole et al., 2019) .
We observed a simultaneous decrease in both width and height of PRC1 signal intensity peak during optogenetic removal of PRC1, which may be due to fewer antiparallel regions being positioned laterally than in the central part of the bridging fiber, or destabilization of microtubule plus-ends leading to depolymerization, directly by PRC1 or indirectly by CLASP1 removal (Kellogg et al., 2016; Liu et al., 2009) . A different spatial pattern of PRC1 return to the spindle, where we observed that PRC1 first binds all along the spindle and then gradually accumulates in the overlap regions of the bridging fibers, suggests that PRC1 has higher unbinding rate outside than within the overlap bundles in the spindle. This result is consistent with PRC1 having a life-time of several seconds on single microtubules and a 10-fold preference for overlap regions in vitro (Subramanian et al., 2010) . The faster PRC1 return to the spindle in comparison with its removal may be due to the higher affinity difference between PRC1 binding to the spindle and to the membrane when the system is inactive. PRC1
did not completely return to the spindle, which could be a result of an incomplete recovery of microtubules in the bridging fibers, yet PRC1 recovered to a larger extent than microtubules in the bridging fibers, presumably because there are sufficient binding sites for PRC1 even on a bridging fiber with fewer microtubules. Nevertheless, the recovery of both PRC1 and microtubules could be more complete after a longer time period.
As bridging fibers link sister k-fibers, reduction of microtubules in the bridging fibers, leading to a decrease in compressive forces within the bridging fibers, can account for the observed straightening of outermost k-fibers, which made the spindle less round and more diamond-like, as well as for reduction of inter-kinetochore tension, consistent with our theoretical model (Kajtez et al., 2016) . This reduction in inter-kinetochore tension was due to partial disintegration of bridging fibers rather than changes in k-fiber structure or detachment of kinetochores from k-fibers, given that the tubulin signal intensity in k-fibers did not change, and the inter-kinetochore distance upon PRC1 removal was closer to metaphase than prometaphase values. Together with the finding that PRC1 removal partially disassembles bridging fibers, this result provides support for a role of bridging fibers in balancing tension on kinetochores (Kajtez et al., 2016; Milas and Tolic, 2016) , similar to local load-bearing near kinetochores by NuMA (Elting et al., 2017) .
Surprisingly, acute removal of opto-PRC1 affected the alignment and orientation of sister kinetochores with respect to the equatorial plane. The observed misalignment of kinetochores could be caused by reduction of polar ejection forces (Rieder et al., 1986; Rieder and Salmon, 1994 ). However, we find this scenario unlikely because the chromosome localization of the chromokinesin Kif4A, which interacts with PRC1, was unchanged after acute removal of opto-PRC1 in metaphase. It is also unlikely that the kinetochore misalignment was due to disrupted localization of plus-end proteins because CLASP1, Kif18A, and CENP-E remained localized on plus-ends of k-fibers upon acute PRC1 removal.
Although we cannot exclude the possibility that other plus-end proteins were mislocalized, our data suggest that the perturbed alignment and orientation of kinetochores are due to disruption of bridging fibers.
Though the average effect on kinetochore alignment was modest, 10-15% of inspected kinetochore pairs were severely misaligned, undergoing displacement larger than 2 µm away from the equatorial plane. Interestingly, these kinetochores had a decreased inter-kinetochore distance compared to kinetochores that remained aligned. The misaligned kinetochores were found in the inner part of the spindle, where PRC1 signal disappeared faster than on the outer part, which may indicate that the inner bridging fibers were more severely affected. Thus, our interpretation is that the misaligned kinetochores were displaced due to especially strong reduction of their bridging fibers.
The changes in kinetochore positioning and orientation did not revert to the initial values within 10 min of PRC1 return possibly due to incomplete recovery and misorientation of bridging fibers. Thus, bridging fibers set the region in which bi-oriented kinetochores are positioned and serve as a structural support that keeps the sister kinetochore axis aligned with the pole-to-pole axis.
The presence of MKLP1 on the spindle was dependent on PRC1, yet MKLP1 was not translocated to the cell membrane together with PRC1. It could be that MKLP1 binds rather weakly to PRC1 in metaphase and/or that the absence of PRC1 decreases its affinity for microtubules. In addition, the ability of MKLP1 to bind along scaffold of antiparallel overlaps could depend on the role of PRC1 in dictating 35-nm-inter-microtubule spacing, proposed to be important to enable localization of specific proteins within these structures (Kellogg et al., 2016; Subramanian et al., 2010) .
We found differences in phenotypes upon acute PRC1 removal from the spindle by optogenetics and the long-term PRC1 depletion by siRNA. These differences are hard to explain by different levels of PRC1 on the spindle as both methods decreased PRC1 by ~90%.
It is also unlikely that the differences are caused by the interaction of the membranetranslocated PRC1 with astral microtubules because of the uniform PRC1 signal on the membrane, fast return to the spindle, and no change in spindle positioning. Therefore, the generally weaker effects of siRNA in comparison with the acute optogenetic removal are most likely due to compensatory mechanisms being triggered during long-term depletion.
By overcoming temporal limitations of siRNA, our work reveals an unexpected role of PRC1 and the corresponding bridging fibers in kinetochore alignment on the metaphase spindle. We propose a model in which the movement of bi-oriented kinetochores along the pole-to-pole axis is regulated by the interactions between k-fibers and bridging fibers (Fig. 5) .
These interactions are mediated by PRC1 and probably also by other microtubule crosslinkers.
In our model, kinetochores move, driven by k-fiber polymerization and depolymerization, in an unrestrained manner around the spindle equatorial plane within the region where k-fibers do not interact with bridging microtubules. Kinetochore movement beyond that region requires remodeling of these interactions, which may impede the movement. Our findings that kinetochores normally move within the region of PRC1 streaks, whereas they make excursions beyond that region upon PRC1 removal, support this model. Thus, the bridging fiber promotes chromosome alignment by buffering movements of bi-oriented kinetochores via its PRC1-mediated crosslinks to sister k-fibers.
Methods
Cell lines. Experiments were performed using: unlabeled human osteosarcoma U2OS cell line and U2OS cell line stably expressing CENP-A-GFP, used in our previous work Waltham, MA, USA) was added. Cells were kept at 37°C and 5% CO 2 in a Galaxy 170 R humidified incubator (Eppendorf, Hamburg, Germany). All used cell lines were confirmed to be mycoplasma free by using MycoAlert Mycoplasma Detection Kit (Lonza).
Plasmids. To make PRC1-tgRFPt-SspB WT (opto-PRC1) plasmid, PRC1 fragment was amplified from His6-PRC1 plasmid (Addgene number: 69111) (Nixon et al., 2015) using the primers GCTAGAATTGACCGGATGAGGAGAAGTGAGGTGCTG (FWD) and CATGGTGGCGACCGGTAAATTCGAAGCTTGAGCTCGAGATCTGAGGGACTGGAT GTTGGTTGAATTGAGG (REV) and inserted into plasmid tgRFPt-SspB WT (Addgene number: 60415) (Guntas et al., 2015) using AgeI restriction site. This step was performed using commercially available In-Fusion HD Cloning Kit (Clontech, Mountain View, CA, USA). The produced plasmid expresses PRC1 tagged with tgRFPt and SspB at the C-terminus.
Plasmid iLID-CAAX was purchased (Addgene number: 85680) (O'Neill et al., 2016) .
Plasmids pEGFP-C1Kif4a-sires and EGFP-Kif18A were a gift from Jason Stumpff (University of Vermont, Burlington, VT, USA) (Stumpff et al., 2008; Stumpff et al., 2012) .
Plasmid GFP-CENP-E was a gift from Marin Barišić (Danish Cancer Society Research
Center, Copenhagen, Denmark). 
Microscopy. Immunocytochemistry imaging and live imaging of unlabeled U2OS, U2OS
stably expressing CENPA-GFP, HeLa-TDS pEGFP-α-tubulin and HeLa BAC CENP-E-GFP cells was performed using Bruker Opterra Multipoint Scanning Confocal Microscope (Bruker Nano Surfaces, Middleton, WI, USA), described previously . In brief, the system was mounted on a Nikon Ti-E inverted microscope equipped with a Nikon CFI Plan Apo VC 100x/1.4 numerical aperture oil objective (Nikon, Tokyo, Japan). During imaging, live cells were maintained at 37°C using H301-K-frame heating chamber (Okolab, Pozzuoli, NA, Italy). In order to obtain the optimal balance between spatial resolution and signal-tonoise ratio, 60-µm pinhole aperture was used. For kinetics experiments on U2OS cells (Fig. 1) Image and data analysis. Since the cells were transiently transfected with opto-PRC1, we observed variability in PRC1 expression levels and therefore we imaged and analyzed only those metaphase spindles with PRC1 localization consistent with endogenous and fluorescently labeled PRC1 (Kajtez et al., 2016; Polak et al., 2017) . Cells were not synchronized in order to avoid additional chemical treatment of cells, and metaphase was determined by alignment of kinetochores in the equatorial plane.
For determination of kinetics of PRC1 removal and return ( Fig. 1 C) , intensity of opto-PRC1 was measured in each time frame on one focal plane. We used Poligon selection Intensity profiles of opto-PRC1 removal and return (Fig. 1 D) were obtained on sum intensity projections of all three z-planes by drawing a pole-to-pole line along the long axis of the spindle by using Line tool in Fiji. The width of the line corresponded to the width of each individual spindle. Intensities were normalized to position of the poles.
For quantification of PRC1 knock-down by siRNA and intensity level of opto-PRC1 (in Fig. S1 A,B) PRC1 intensity on fixed cells was measured on a sum-intensity projection of five focal planes by the procedure described above, in a way that mean spindle intensity was background corrected by subtracting mean intensity in the cytoplasm. For measuring opto-PRC1 intensity on the spindle cells where PRC1 was visible on astral microtubules were not analyzed, nor imaged in live experiments.
The GFP-tubulin signal intensity of a cross-section of a bridging fiber was measured by drawing a 3-pixel-thick line between and perpendicular to the tubulin signal joining the tips of sister k-fibers. The intensity profile was taken along this line and the mean value of the background signal present in the cytoplasm was subtracted from it. The signal intensity of the bridging fiber was calculated as the area under the peak using SciDavis (Free Software Foundation Inc., Boston, MA, USA). The signal intensity in the region lateral from k-fiber tip was measured in a similar manner, 1 µm away from a k-fiber tip, perpendicular to and crossing the corresponding k-fiber. All of the measurements were performed on a single zplane. The profile intensity of bridging fiber and at the position lateral from k-fiber tip in SiRtubulin ( Fig. 3 B,C) was performed in the same manner. Note that mostly outermost fibers were used for these measurements because of being most easily distinguished from neighboring fibers.
Shapes of the spindle were quantified by tracking outermost k-fiber contours in the central z-slice of the spindle, or maximum intensity z-projection of two central z-slices. All spindles were rotated to have horizontal long axis. Pole-to-k-fiber-tip tracking was done using Multipoint tool by placing 5 roughly equidistant points along contour length, first point being at the pole and the last point being at the k-fiber tip. First point of each contour was translated to (0,0). This was done for maximum of 4 trackable outermost k-fibers in the spindle.
Curvature of the contour was calculated by fitting a circle to the contour points of individual k-fibers and retrieving reciprocal value of its radius. To test the effect of tracking errors on curvature, we introduced 1-pixel noise to the x and y values of tracked points, which did not change the result. Angle between outermost k-fibers (θ) was calculated as the angle between lines passing through last two points along the contour of sister k-fibers.
Spindle length and width were measured using Line tool in Fiji. For length measurements, a line was drawn from pole to pole. The position of the pole was defined as the location of the strongest tubulin signal. Width was measured by drawing a line between outermost kinetochore pairs on the opposite sides of the spindle, perpendicular to the spindle long axis.
The area of DNA was measured using Poligon selection tool in Fiji on sum-intensity projections of 3 and 7 z-planes for U2OS and HeLa GFP-α-tubulin cells, respectively, by encompassing chromosomes in SiR-DNA channel. The values were normalized to the value measured in 0 min for each cell.
Inter-kinetochore distance was measured using Line tool in Before measuring, images were rotated in order to achieve perpendicular direction of the equatorial plane with respect to x-axis. The equatorial plane was defined with two points placed between outermost pairs of kinetochores on the opposite sides of the spindle. For all measurements regarding kinetochores, those located at the spindle poles were not taken into account. All measurements in opto and control cells were performed in three time-points: before the blue light was switched on, after 20 min of continuous exposure to the blue light, and 10 min after the blue light was turned off. In untreated and PRC1 siRNA treated cells measurements were performed at the beginning of imaging.
The intensity of GFP-Kif4A in metaphase and anaphase was measured in GFP-Kif4A channel on sum-intensity projections of all three z-planes using Poligon selection tool in Fiji by encompassing chromosomes in SiR-DNA channel. The intensity of opto-PRC1 in metaphase was measured by encompassing the spindle area. Background cytoplasm intensities in both GFP-Kif4A and opto-PRC1 channels were measured in 30 x 30 pixels rectangle and subtracted from measured mean intensities of GFP-Kif4A and opto-PRC1.
Corrected intensities were divided by the number of focal planes. Measurements were performed in three time-points in metaphase: before the blue light was switched on, after 20 min of continuous exposure to the blue light, and 10 min after the blue light was turned off. In anaphase, measurements were performed 4 min after anaphase onset. Anaphase onset was defined as the timeframe when separation of majority of sister chromatids in SiR-DNA channel occurred.
The mean signal intensities of opto-PRC1 and MKLP1-GFP were measured on the central z-plane using Poligon selection tool in Fiji by encompassing the spindle area in SiRtubulin channel. Background cytoplasm intensities in both channels were measured in 30 x 30 pixels rectangle and subtracted from measured mean intensities of opto-PRC1and MKLP1-GFP. Measurements were performed in the same time-points as for Kif4A in metaphase.
For quantification of PRC1 knock-down by siRNA in HeLa BAC MKLP1-GFP cell line, PRC1 intensity was quantified in the same manner as in U2OS cells. The intensity levels of MKLP1-GFP and Kif4A-GFP in fixed HeLa cells were measured by encompassing the whole cell area using Poligon selection tool in Fiji on sum intensity projections of 5 z-planes.
Statistical analysis was performed in MATLAB (MathWorks, Natick, MA, USA) and RStudio (R Foundation for Statistical Computing, Vienna, Austria). Normality of the data was inspected by Q-Q plots and Shapiro-Wilk test of normality. Normally distributed data were tested with two-tailed t-test, while Mann-Whitney test was used for non-normally distributed data, as noted in figure captions. Proportions were statistically compared with test for equality of proportions, two-proportions z-test. For data with expected count smaller than 5, Yates's correction for continuity was used.
Graphs were generated in MATLAB (MathWorks) and RStudio (R Foundation for Statistical Computing). ImageJ (National Institutes of Health, Bethesda, MD, USA) was used to crop and rotate images, and to adjust brightness and contrast to the entire image, which was applied equally to all images in the same panel. 
